Several members of the genus Trichoderma are biocontrol agents of soil-borne fungal plant pathogens. The effectiveness of biocontrol agents depends heavily on how they perform in the complex field environment. Therefore, the ability to monitor and track Trichoderma within the environment is essential to understanding biocontrol efficacy. The objectives of this work were to: (a) identify key genes involved in Trichoderma sp. 'atroviride type B' morphogenesis; (b) develop a robust RNA isolation method from soil; and (c) develop molecular marker assays for characterizing morphogenesis whilst in the soil environment. Four cDNA libraries corresponding to conidia, germination, vegetative growth and conidiogenesis were created, and the genes identified by sequencing. Stage specificity of the different genes was confirmed by either Northern blot or quantitative reverse-transcriptase PCR (qRT-PCR) analysis using RNA from the four stages. con10, a conidial-specific gene, was observed in conidia, as well as one gene also involved in subsequent stages of germination (L-lactate/malate dehydrogenase encoding gene). The germination stage revealed high expression rates of genes involved in amino acid and protein biosynthesis, while in the vegetative-growth stage, genes involved in differentiation, including the mitogen-activated protein kinase kinase similar to Kpp7 from Ustilago maydis and the orthologue to stuA from Aspergillus nidulans, were preferentially expressed. Genes involved in cell-wall synthesis were expressed during conidiogenesis. We standardized total RNA isolation from Trichoderma sp. 'atroviride type B' growing in soil and then examined the expression profiles of selected genes using qRT-PCR. The results suggested that the relative expression patterns were cyclic and not accumulative.
INTRODUCTION
The drive towards sustainability within agriculture and forestry has led to an increased focus on environmentally friendly alternatives to widespread chemical usage for the control of plant diseases. Over the last 70 years, numerous fungi have demonstrated potential for biocontrol of a wide range of plant diseases and, of these, members of the genus Trichoderma are the most frequently used, reported and commercialized (Harman, 2006; Hermosa et al., 2012) . Trichoderma form beneficial associations with the majority of higher plants, which in turn confers disease control (Kredics et al., 2014; Monfil & Casas-Flores, 2014) , and promotes plant growth (Stewart & Hill, 2014) and tolerance to abiotic stresses (Hermosa et al., 2013; Nicolás et al., 2014) . Trichoderma colonize the rhizosphere (McLean et al., 2005) , the root surface (rhizoplane) or the root itself, acting as plant symbionts (endophytism) (Harman et al., 2004 (Harman et al., , 2006 Lorito et al., 2010) .
Trichoderma biocontrol competence has been associated with fungal differentiation, where conidia represent the lowest competent stage and filamentous growth the highest (Bae & Knudsen, 2005) . Commercial preparations of Trichoderma spp. for biological control typically consist of bulk-produced conidia, whereas good biocontrol activity in the environment relies upon the fungus remaining vegetative and, thus, antagonistically active. Understanding what controls Trichoderma morphogenesis and how differentiation proceeds in the natural environment is integral to biocontrol research; however, relatively little is known of how Trichoderma proliferates in the environment. In part, this is due to the difficulties in tracking a microorganism within a complex microbial niche, such as the rhizosphere of plants (Berg, 2009; Kredics et al., 2014) . One common strategy for measuring the bioactivity of Trichoderma is the quantification of c.f.u. using Trichodermaselective agar medium (TSM) (McLean et al., 2005) . This approach does not, however, differentiate between conidia and vegetative tissue. Advances in molecular technology represent an opportunity to create reliable molecular tools to overcome experimental barriers in understanding the lifestyle of Trichoderma within the natural environment (Kredics et al., 2014) . Many research groups use transgenic Trichoderma spp. strains expressing marker genes such as those encoding GFP or b-glucuronidase (GUS) to follow the fungal association with plant roots (Hohmann et al., 2012; Orr & Knudsen, 2004) . A combined approach using microscopic visualization of a GFP-tagged Trichoderma hamatum and c.f.u. counts from filtered and unfiltered samples allowed investigators to differentiate between conidia and vegetative tissue (germlings, mycelium and developing conidophores) (Hohmann et al., 2012) . Another alternative to the use of traditional detection methods is the development of marker assays for analysing the expression of stage-specific genes in situ. Stage-specific genes have been identified in diverse fungal species including Fusarium graminearum (Seong et al., 2008) and Puccinia striiformis f. sp. tritici (Zhang et al., 2008) . Multiple genes specific to conidiation have been identified in Neurospora crassa (Springer & Yanofsky, 1992) and Aspergillus nidulans (Adams et al., 1998) , such as con10 (N. crassa) and stuA (Asp. nidulans). In Trichoderma atroviride, a conidial multi-domain protein (cmp1) has been described as a potential marker for conidiation (Puyesky et al., 1999) . The aims of this study were to: (a) identify morphogenic stagespecific genes from a commercial strain (LU132) of Trichoderma sp. 'atroviride type B' to further knowledge of the key processes involved in the morphogenic switch from conidia to mycelia; (b) develop a robust method for extraction and analysis of quality RNA from soil; and (c) design and validate quantitative reverse-transcriptase PCR (qRT-PCR) marker assays for detecting expression of key morphogenic genes in the soil environment. In this study, expression profiles were examined to identify key genes from four different morphogenic stages in the asexual reproductive cycle of Trichoderma: conidia, germinating conidia (germlings), vegetative mycelium and conidiophores. qRT-PCR marker assays were developed and the expression of these candidate genes analysed from samples isolated from axenic conditions. To overcome the difficulties of quantification of fungal activity in the soil, we optimized the extraction of high-quality fungal RNA from soil and then quantified the expression pattern of selected Trichoderma stage-specific markers in a time-course study within a soil microcosm.
METHODS
Biological materials. Trichoderma sp. 'atroviride type B' strain LU132 was obtained from the Biocontrol Microbial Culture Collection (BMCC, Bio-Protection Research Centre). The strain was maintained on potato dextrose agar (PDA; Difco) with conidial suspensions stored in 25 % (v/v) glycerol at 280 uC. Escherichia coli TOP10F' (Invitrogen) was used for plasmid transformation with the pCR2.1 vector (Invitrogen).
Fungal growth conditions. Fungal inoculum consisted of conidia harvested from 7-day-old PDA cultures of LU132, which were grown at 25 uC under a 12/12 h light/dark photoperiod. Fungal material for the generation of the cDNA libraries was produced as follows. For the conidial stage, LU132 conidia were combined from five PDA plates generated as described above. For the germination stage, 1|10 6 conidia ml 21 were incubated for 10 and 15 h at 25 uC with shaking (150 r.p.m.) in potato dextrose broth (PDB; Difco). Germlings were collected by filtration, frozen in liquid nitrogen and stored at 280 uC. A small aliquot was fixed in a 4.0% formaldehyde solution (Hardham, 2001) and analysed by light microscopy. For the vegetative stage, PDA plates were inoculated with LU132 conidia and kept in darkness for 3 days at 25 uC. Mycelial plugs from the periphery of the 3-day-old colony were placed on PDA covered with sterile cellophane, and maintained in darkness for 48 h at 25 uC. The peripheral mycelium of 25 plates was scraped from the cellophane surface, then frozen in liquid nitrogen and stored at 280 uC. For the conidiophore stage, the procedure was as above, except that the mycelial plugs were incubated for 36 h on PDA covered with sterile cellophane, then exposed to a 15 min blue-light pulse to induce conidiation as described previously (Steyaert et al., 2010a) and incubated in darkness for an additional 15, 30 and 42 h (45, 60 and 72 h in total, respectively). The fungal material from the colony periphery of 25 plates was collected, frozen in liquid nitrogen and stored at 280 uC.
RNA isolation. RNA was isolated using the RNeasy Mini kit (Qiagen) and treated with the Turbo DNA-free DNase kit (Ambion) according to the manufacturer's instructions. The quantity and quality of each RNA sample was estimated using a spectrophotometer (NanoDrop), and integrity verified through 1.5% agarose gel electrophoresis under denaturing conditions. Subtraction hybridization, subtractive library construction and PCR-Select differential screening. Four cDNA libraries were generated: (a) a conidial cDNA library -equal amounts of total RNAs from germlings, vegetative mycelium and conidiophores were used to create a cDNA library, which was used as a driver to subtract from conidial cDNAs (tester); (b) a germination cDNA library -cDNAs from vegetative mycelium (driver) were subtracted from germlings (tester) cDNAs; (c) a vegetative-growth cDNA library -cDNAs from the germlings stage (driver) were subtracted from vegetative mycelium (tester) cDNAs; and (d) a conidiophore cDNA library -cDNAs from vegetative mycelium were subtracted from cDNAs of developing conidiophores. All libraries were created using the PCR-Select cDNA subtraction kit (Clontech), according to the manufacturer's instructions, with the following modifications. Positive colonies were inoculated into standard 96-well microtitre plates and incubated at 37 uC for 3 h on a rotary shaker (100 r.p.m.). Cultures (1 ml aliquot) were then screened directly using Nested PCR primer 1 (59-TCGAGCGGCCGCCCGGGCAGGT-39) and Nested PCR primer 2R (59-AGCGTGGTCGCGGCCGAGGT-39) (Clontech).
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Screening of differentially expressed cDNA clones from the subtracted library. For screening of the subtracted libraries, a 1/10 dilution of PCR product from each culture (see above) was denatured by adding 50 ml of 0.8 M NaOH, and 20 mM EDTA, and the mixture heated to 100 uC for 10 min and neutralized by adding an equal volume of cold 2 M ammonium acetate, pH 7.0. The denatured products (50 ml aliquots) were spotted in duplicate onto Hybond-N+ nylon membranes. Membranes were baked for 2 h at 80 uC. The prehybridization was performed with DIG Easy Hyb (Roche) for 1 h at 65 uC. The cDNA probes were prepared by PCR using the PCR DIG probe synthesis kit (Roche), using the forward or reverse subtracted cDNAs as templates and the primer combination Nested PCR primer 1 and Nested PCR primer 2R. Before hybridization, the PCR products were digested with Rsa I, separated by 2% agarose gel electrophoresis and recovered using the Wizard SV gel and PCR clean-up system (Roche). The membranes were hybridized overnight at 65 uC with the corresponding probe using DIG Easy Hyb (Roche), then washed twice with 2| SSC and 0.5% SDS at 65 uC for 20 min each, followed by high-stringency washing with 0.2| SSC and 0.5% SDS at 65 uC for 20 min. Detection was carried out with the DIG luminescent detection kit using BioMax MR Films.
The differentially expressed cDNAs were sequenced with the Nested PCR primer 1, and the sequences compared to the T. atroviride genome (http://genome.jgi.doe.gov/Triat2/Triat2.home.html). Sequence data from the cDNA libraries were deposited in GenBank under the library accession numbers LIBEST_028606, LIBEST_028604, LIBEST_028603 and LIBEST_028605, corresponding to the suppression subtractive hybridization (SSH) cDNA library from conidia, SSH cDNA library from germlings, SSH cDNA library from vegetative growth and SSH cDNA library from conidiophores, respectively. The GenBank accession numbers are from JZ840319 to JZ840507.
To validate the SSH cDNAs libraries, Northern blot analyses were performed using specific cDNA samples as probes. RNA was isolated from: LU132 conidia prepared from PDA plates, as described above (0 h); LU132 germlings from cultures grown in PDB, as described above, for 10 and 15 h; LU132 vegetative mycelium grown on cellophane-covered PDA for 30 h, as described above; and then from a mixture of vegetative mycelium and developing conidiophores incubated on cellophane-covered PDA, light induced at 30 h and incubated a further 15, 30 and 42 h (45, 60 and 72 h in total, respectively). Total RNA (10 mg per lane) was separated using denaturing conditions, and transferred onto Hybond-N+ nylon membranes. The hybridization was as described above.
qRT-PCR and gene-expression analysis. qRT-PCR was performed on an ABI Prism 7000 real-time PCR machine. One microgram total RNA was reverse transcribed into first-strand cDNA with oligo-dT and random primers using the BluePrint first strand cDNA synthesis kit (TaKaRa) in a final volume of 20 ml, according to the manufacturer's instructions. The cDNA was diluted 20 times with dilution buffer (TaKaRa). qRT-PCR was carried out in a 16 ml reaction according to Holyoake et al. (2008) . The reaction was heated to 95 uC for 5 min before being cycled 40 times between 95 uC for 15 s and 60 uC for 1 min (Holyoake et al., 2008) . Reactions were performed in triplicate.
For the detection of specific transcripts, the primer combinations indicated in Table S1 (available in the online Supplementary Material) were used. Primers for the investigated genes were created using Primer Express Oligo Design software v2.0 (ABI) and PRIMER3 (http://bioinfo.ut.ee/primer3-0.4.0/primer3/input.htm) (Rozen & Skaletsky, 2000) . The primer combination NS5 and NS6, for amplification of the 18S gene, had been recently reported (Yamamoto et al., 2009) . To compare the relative abundance of gene expression, the transcript levels were normalized against the expression levels of the 18S gene. Differences in transcript levels were determined using the 2 2DDCT method described by Livak & Schmittgen (2001) .
Isolation and analysis of RNA from soil. Gamma-irradiated clay soil (Table S2 ) was inoculated with 2|10 6 conidia (g wet weight soil) 21 (soil moisture content was 15%) and 30 g was placed into sterile 50 ml centrifuge tubes. Three 50 ml centrifuge tubes were set up for each day of sampling, corresponding to three biological replicates. Soil microcosms were incubated at 25 uC for different time points (from day 0 to 4). For each tube, 10 g Trichoderma-inoculated soil was sampled and, of this, 900 mg was removed for three technical replicates of total RNA isolation (300 mg each).
Simultaneous RNA/DNA extraction from soil was conducted according to the protocol of Griffiths et al. (2000) , except for minor modifications. Briefly, a 300 mg soil sample was placed in a 2 ml screw-cap tube containing 250 mg glass beads (90-150 mm, kindly provided by Potters Industries) and adjusted with 0.5 ml modified CTAB (hexadecyltrimethylammonium bromide) extraction buffer (1 : 1, v/v, 10% CTAB in 0.7 M NaCl and 240 mM potassium phosphate buffer pH 8). Samples were vortexed briefly and then 0.5 ml phenol : chloroform : isoamyl alcohol (25 : 24 : 1) was added to each tube (Griffiths et al., 2000) . The samples were disrupted three times for 40 s at 6.0 m s 21 speed in a bead beater (FastPrep-24 system; Bio 101). Samples were kept on ice for 2 min between shaking intervals. The tubes were then centrifuged at 16 000 g for 5 min at 4 uC, and the aqueous upper phase recovered and washed by centrifugation at 16 000 g for 5 min at room temperature with an equal volume of chloroform : isoamyl alcohol (24 : 1). The aqueous top layer was recovered, and the genomic DNA and total RNA was precipitated with two volumes PEG/NaCl solution (1.6 M NaCl and 30%, w/v, polyethylene glycol 6000) for 2 h at room temperature. The samples were centrifuged at 18 000 g for 10 min at 4 uC. The pellet was washed with ice-cold 70% ethanol and spun again at 18 000 g for 10 min at 4 uC. The resulting pellet was dried at room temperature for 5 min (Griffiths et al., 2000) . RNA/DNA extracted samples were resuspended in 50 ml DEPC (diethylpyrocarbonate)-treated water and kept at 280 uC until use. To remove the DNA, the samples were treated with RNase-free DNase I using the Turbo DNA-free kit (Ambion), according to the manufacturer's instructions. Humic acid and other contaminants from the soil were eliminated using the OneStep PCR inhibitor removal kit (Zymo Research), according to the manufacturer's instructions. RNA was quantified using a NanoDrop spectrophotometer and stored at 280 uC until use. The RNA integrity was verified by 1.5% agarose gel electrophoresis under denaturing conditions. qRT-PCR analyses were as described above, except that 200 ng total RNA isolated from soil was used as template in a final volume of 20 ml. Three independent biological samples were processed and three independent technical replicates were used at each time point. Four primer combinations were chosen according to their expression pattern: one each for three of the developmental stages (conidia, germination and vegetative mycelium) and the reference 18S.
Subsamples of soil were removed for microscopic examination. In brief, 1 ml water was combined with 200 mg soil and vortexed for 1 min to mix. The soil mix was diluted 10-fold with water and 40 ml of 200 mg Calcofluor white ml 21 was added to 1 ml diluted soil mix and examined immediately under a fluorescent microscope.
RESULTS

Stage-specific characteristics of LU132
The morphological changes occurring during spore germination and subsequent growth stages in LU132 were followed using freshly harvested conidia incubated in PDB and observed by light microscopy. After incubation at 25 uC for 10 h, approximately 75% of conidia had swollen.
By 15 h, almost all swollen conidia had developed a germtube (data not shown). At the end of 24 h, the germ-tubes had produced regular short branches. Longer incubation times (36 to 72 h) did not induce formation of mycelium; instead the formation of chlamydospores in the apical ends and in the middle of the short hyphae was observed ( Fig. S1 ).
To determine whether the hyphal development observed in liquid medium was similar to that on solid medium, PDA plugs containing LU132 mycelium were placed on PDA covered by sterile cellophane and kept for 48 h in darkness to allow for mycelial growth and avoid conidiation induced by light. Similar to findings in other fungi, such as N. crassa (Lee et al., 2009) , mycelia from LU132 are composed of at least two types of hyphae: fine and thick hyphae. Interestingly, on solid medium no chlamydospores were observed, indicating that these structures are mainly formed when the fungus is growing in liquid medium ( Fig. S1 ).
Blue light, mechanical injury and starvation induce conidiation in Trichoderma spp. (Casas-Flores et al., 2004; Hernández-Oñate et al., 2012; Medina-Castellanos et al., 2014; Steyaert et al., 2010b, c, d) . In LU132, a blue-light pulse induced differentiation in the youngest mycelium on an active colony grown on PDA plates. The differentiation was visually evident 48 h after 15 min of blue-light induction.
Identification of differentially expressed genes
To identify stage-specific ESTs (expressed sequence tags), SSH was performed using different phases in the asexual developmental programme as testers and drivers. From 437 independent EST fragments, 179 were differentially expressed at particular developmental stages. About 85% of ESTs were longer than 250 bp, with insert sizes varying from 134 to 883 bp. The 179 ESTs were sequenced and identified using the BLASTX algorithm from the T. atroviride IMI206040 database (http://genome.jgi.doe. gov/Triat2/Triat2.home.html). ESTs were named using TA followed by the JGI protein ID number of the highest orthologous gene. In most instances, the ESTs were identified using the BLASTX algorithm with E values smaller than 1|10 230 (Tables 1, 2, 3 and 4). The genes identified in the T. atroviride database were visually confirmed in LU132 by examining the LU132 genome mapped to T. atroviride.
Conidia
Ten of twenty ESTs sequenced from conidia presented best matches with the orthologous conidiation con10 gene from N. crassa (Roberts & Yanofsky, 1989) (Table 1) . Additionally, three ESTs showed homology to the L-lactate/malate dehydrogenase encoding gene, and another three ESTs to diverse genes encoding hypothetical proteins. Furthermore, two ESTs matched to the T. atroviride genome, but did not match a predicted ORF; in these two cases, we manually searched for their position taking into consideration the closest gene reported in the T. atroviride genome (http://genome.jgi.doe.gov/Triat2/Triat2.home.html). One sequence belonged to the 59 untranslated region (59-UTR) of TA-314615 (N-acetyltransferase encoding gene), while the second sequence corresponded to the 39 untranslated region (39-UTR) of TA-128844 (encoding a sphingosine-1-phosphate lyase) (Table 1) .
Germination
Protein synthesis genes, including those encoding ribosomal proteins, transcription and elongation factors, such as translation elongation factor 1-alpha (tef1a), elongation factor 1-beta (eF1b) and elongation factor 2 (eF2), as well as tRNAs synthases, such as glutaminyl-tRNA and threonyl-tRNA synthetase (Table 2) , represented up to 66% of those genes identified in the germination stage. Additionally, a putative argininosuccinate synthetase (ASS)-encoding gene and genes encoding two global regulators (crosspathway control protein Cpc2 and cross-pathway control protein 1 Cpc1/Gcn4) linked to amino acid biosynthesis and developmental programmes (Nishikawa et al., 2008) were identified in the germination stage (Table 2) . Genes connected to cell-wall remodelling, such as the Woronin body protein Hex1 (Borneman et al., 2002) , GPI-anchored cell-wall b-endoglucanase and a cyanovirin-N family protein, were also found in the germination stage. We also identified two differentially expressed genes encoding chaperon proteins involved in ubiquitination (TA-300588) and a number of heat-shock proteins, including hsp90 (TA-297563) ( Table 2) .
Vegetative mycelium
In this library, two genes predicted to encode proteins involved in fungal differentiation and morphogenesis were identified. The first was similar to Asp. nidulans stuA (TA-163709), while the second corresponded to the mitogen-activated protein kinase kinase (MAPKK) ste7 and fuz7 genes, which are involved in filament formation in Saccharomyces cerevisiae and Ustilago maydis, respectively (Morillon et al., 2000; Müller et al., 2003; Zhao et al., 2011) . Additionally, we identified two genes encoding proteins related to phosphate metabolism: an acid phosphatase (TA-302413) and a phosphate transporter (TA-300245) similar to Pho5 from N. crassa (Versaw, 1995) (Table 3 ). An EST with similarity to the Trichoderma harzianum P4-encoding gene was also identified.
Conidiophores
Four genes encoding secreted proteins were identified as being differentially expressed in conidiophores. The proteins are a structurally diverse group of wall components such as hydrophobin type 2 (TA-146062), a hypothetical protein with a ricin domain that has a carbohydratebinding domain (TA-44954), a calcium-spray protein (TA-246996) and a glycosidase type 3 (TA-248609) ( Table 4 ).
Analysis of differential gene expression
Expression profiles were analysed of selected ESTs chosen on the basis of their signal intensity in the dot blot analysis, homology to the corresponding encoding protein (Tables 1, 2, 3 and 4) and frequency with which the ESTs were found in the cDNA libraries (Tables 1, 2, 3 and 4) . Initially, the expression patterns were analysed by Northern blot using total RNA from the four different development stages. From these analyses, we observed a direct correlation between the ESTs obtained from the cDNAs libraries and the expression pattern by Northern blot (Fig. 1) , except for con10, which was imperceptible by Northern blot. This is likely due to the limitations of the non-radioactive detection method used in this work (data not shown).
Common encoding-gene functions exhibited similar temporal expression patterns; for example, orthologues of cpc1 (TA-161217) and cpc2 (TA-148743), which regulate transcription of amino acid-biosynthetic genes in fungi (Ebbole et al., 1991; Paluh et al., 1988) , were abundantly expressed in germlings (10 and 15 h) and scarcely detectable in vegetative mycelium (Fig. 1) . The three ribosomal genes analysed by Northern blot showed a higher expression during the germination process, 10 and 15 h after incubation in PDB medium, whereas the expression pattern was significantly reduced on PDA incubated from 30 to 72 h (Fig. 1) . Interestingly, we observed that tef1a was significantly upregulated during germination and reduced in vegetative mycelium, which may suggest specific roles of these proteins in Trichoderma differentiation. In contrast, two peptidase-encoding genes, the transcription factor stuA (TA-163709) and P4 protein (TA-297129) genes, were exclusively expressed in vegetative mycelium (Fig. 1) .
Surprisingly, genes obtained from conidia or those from conidiophores could not be detected by Northern blot analysis, suggesting that the signals were too weak to be detected by this method. This may be due to the inherent bias within the SSH system, which preferentially selects for genes with the greatest difference in expression and does not necessarily select those most abundantly expressed. Therefore, we measured gene expression by qRT-PCR, which has been shown to be more sensitive. To compare different genes over different stages, all genes were normalized against the expression value at the germination stage, which was given a normative value of 1. We used 18S rRNA as an internal control, using primers N5 and N6 specifically designed for fungi (Yamamoto et al., 2009) . After normalization, it was observed that con10 was 4225 to 200 000 times more highly expressed in conidia with respect to the other three stages analysed. Additionally, we analysed the levels of the 59-UTR of TA-314615, which was 5000 times more highly expressed in conidia compared with the other stages of development ( Fig. 2a ). Similar expression values were observed for the lactate dehydrogenase-encoding gene, which was expressed 8000 times more highly in conidia compared with germinating tissue, vegetative mycelium and conidiophores. Genes involved in protein synthesis were 5-to 60-fold upregulated in the germination stage compared with the other phases (Fig. 2b) . Genes involved in protein assimilation (e.g. peptidases), such as TA-298115 or TA-145909, were from 9412 to 1 676 645 times more highly expressed in vegetative mycelium compared with germination (Fig. 2c) . The orthologue of stuA displayed a fourfold and sixfold, respectively, higher expression value in vegetative mycelium and in conidia with respect to the germination stage (Fig.  2c ). The expression of putative conidiophore-specific genes was not completely specific and was present in vegetative mycelium (Fig. 2d ). This is likely due to the presence of vegetative material within the conidiophore cDNA library.
Genes which showed significant changes among the developmental stages were chosen to determine the linear range of quantification. Standard curves were generated from fivefold serial dilutions of the pCR2.1 vectors containing the chosen genes. For all the genes selected, the assay had a linear range of quantification from 0.0004 to 0.5 ng plasmid ( Fig. S2) . A good correlation between the C t values and the concentration of purified DNA plasmid was obtained, in addition, a high level of efficiency of the PCR was observed (R50.95-1.0).
Extraction of RNA from soil samples and differential gene expression
To explore the expression of the stage-specific marker genes in soil, we first had to optimize the extraction of RNA. Initially, two commercial kits for soil RNA extraction were tested. 
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However, both kits gave a low level of RNA recovery (data not shown) and were not suitable for the purposes of this study. Thus, a method reported for total RNA extraction from bacteria in soil (Griffiths et al., 2000) was adapted for use. Firstly, the impact of bead diameter (ranging from 10 mm to 2.5 mm) and bead composition (glass, zirconia-silica or diatomaceous earth powder) in the breaking of fungal material and subsequent RNA recovery was evaluated (Fig. 3a) . As indicated in Fig. 3(a) , the quantity and quality of total RNA and genomic DNA extracted became independent of the glass bead size when beads of 45 mm or greater in diameter were used (glass beads are indicated as GB in Fig. 3a) . Reproducible results were obtained in three independent extractions. Similar results were obtained when 100 mm zirconia-silica beads were used, but not with those of 2.5 mm diameter (ZSB in Fig. 3a ). Using diatomaceous earth (DE in Fig. 3a) , neither total RNA nor DNA could be recovered (Fig. 3a) . To clean the total RNA from contaminants such as genomic DNA and potential soil inhibitors like humic acid, we treated the samples with both DNase I (Ambion Turbo DNA-free kit) and the OneStep PCR inhibitor removal kit (Zymo Research). Using this method we were able to obtain up to 15 mg total RNA from the equivalent of 5.1|10 5 spores (Fig. 3b ). The quality of RNA samples was validated using denaturing gels. Absence of genomic DNA was confirmed by quantitative PCR without reverse transcriptase. Successful extraction of total RNA from micro-organisms in soil has been restricted to bacterial species (Dineen et al., 2010; Fang et al., 2014; Griffiths et al., 2000; Gunnigle et al., 2014; Hahn et al., 1990; Lillis et al., 2009; Mikkonen et al., 2014; Novinscak & Filion, 2011; Selenska & Klingmüller, 1992; Sessitsch et al., 2002; Sharma et al., 2004; Wang et al., 2009 Wang et al., , 2012 . To our knowledge, this represents the first report of the isolation of quality fungal RNA from soil. (P4 protein)] for testing their expression patterns in gamma-irradiated soil inoculated with LU132. The conidiophore-specific genes were not examined as analysis revealed they were not entirely specific for conidiophores (see comment above). Overall, the amount of mRNA detected within the samples was extremely low, suggesting a low amount of proliferation in the soil (Fig. 4a, b) . The germination gene transcripts (L3) were present at a level 10-fold higher than that of the conidia and vegetative markers (con10 and P4). This is supported by the visual examination of the soil samples, whereby the predominant visible structures were germlings (Fig. 4c) .
Interestingly, analysis of the individual expression patterns suggested cyclical variation in expression of the marker genes. On the first day after inoculation there was an accumulation of L3 mRNA, decreasing on day 2 but increasing again on day 3 and decreasing on day 4 (Fig. 4a, b) . We observed an accumulation of con10 transcripts 2 days after inoculation, while the vegetativegrowth marker (P4-like) accumulated 1 day after inoculation but decreased on day 2, with a slight increment on day 3 and decrease at day 4. Further analysis over a longer time period is required to validate and explore the expression patterns. 
DISCUSSION
In this study we identified stage-specific genetic markers from the commercial biocontrol agent Trichoderma sp. 'atroviride type B' strain LU132. To our knowledge, this paper represents the first attempt to understand the morphology of this biocontrol fungus in the soil environment. IP: 54.70.40.11
Conidia and chlamydospores
During its asexual life cycle, Trichoderma progresses through multiple differentiation stages that are clearly distinguished from each other. Conidia are asexual reproductive units produced by fungi in response to diverse environmental stimuli (Carreras-Villaseñor et al., 2012; Steyaert et al., 2010b Steyaert et al., , 2013 . For example, in Trichoderma, reactive oxygen species, nutrient deprivation and light have been identified as important players in conidiogenesis (Hernández-Oñate et al., 2012; Medina-Castellanos et al., 2014) .
Conidia represent a dormant stage where the metabolic activity is almost null (Teutschbein et al., 2010) . On entering this stage, the fungus needs to prepare for dehydration without compromising the enzymic activity required for germination. Sphingosine-1-phosphate lyase (SPL) is a highly conserved enzyme that catalyses the final step of sphingolipid degradation, yielding long-chain base phosphates (LCBPs) (Saba & Hla, 2004) . LCBPs are potent signalling molecules involved in, among other roles, cell stress responses (Saba & Hla, 2004) . Recent studies in Arabidopsis thaliana showed that dihydrosphingosine phosphate lyase (DPL) plays a key role in response to hydric stress (Nishikawa et al., 2008) . TA-128844 encodes DPL in T. atroviride and was identified in the LU132 conidia cDNA library (Table 1) , suggesting a possible role in hydric stress, where water is a limiting factor. In both LU132 (Fig. 2) and N. crassa (Springer & Yanofsky, 1992) , the con10 gene is highly expressed. Surprisingly, mutations of con10 in N. crassa showed that it is not essential for normal growth or conidial development (Yamashiro et al., 1996) . The role of con10 has not been identified in fungi. One hypothesis that seems attractive is that con10 may be a conidial fungal stress-protector protein. Further work is required to support this idea.
The presence of untranslated upstream regulatory regions in the LU132 marker genes may represent an additional transcriptional mechanism of control for genes required for the next stage of differentiation. In eukaryotes, several regions of mRNA molecules are not translated into protein, including the 59 cap, 59-UTR, 39-UTR and the poly(A) tail (Mignone et al., 2002) . Accumulating evidence has revealed the importance of 59-UTRs in shaping eukaryotic protein expression (Dvir et al., 2013) . These sequences encode diverse cis-regulatory elements, including a 59 cap structure, translation initiation motifs and upstream AUGs, among others (Hood et al., 2009; Mignone et al., 2002) , while the 39-UTR often contains regulatory regions that post-transcriptionally influence gene expression (Mignone et al., 2002) . Dormant fungal conidia contain a pre-existing pool of mRNAs that may prime rapid activation and translation in response to environmental cues required for germination (Osherov & May, 2001) . The identity of these mRNAs could reveal which proteins need to be translated at the very beginning of germination (Osherov & May, 2001) . For example, lactate dehydrogenase activity is increased 12 h post-germination (Kaliň ák et al., 2014), although in LU132, the accumulation of the corresponding lactate dehydrogenase-encoding gene TA-168403 was highly expressed and maintained in conidia (Fig. 2) .
Differentiation in fungi is strongly influenced by environmental conditions; for example, LU132 form chlamydospores in PDB (liquid) but not on PDA (solid), even though the chemical compositions are almost identical. Chlamydospores are enlarged, thick-walled vegetative cells with varied forms and condensed cytoplasm that forms within hyphae or at hyphal tips (Lin & Heitman, 2005) . Although chlamydospore formation has been observed for more than three decades in different Trichoderma strains (Lewis & Papavizas, 1983) , the understanding of its relevance in fungal biology, and the genetic basis for chlamydospore formation and proliferation are not fully understood and need to be considered for future studies (Mukherjee et al., 2013) . Chlamydospore formation is variable between species: for example, T. atroviride IMI206040 does not produce chlamydospores in liquid medium or at least not to the same extent as observed in its sister species Trichoderma sp. 'atroviride type B' (Fig. S1 ). These differences might be due to diverse sensitivities to the presence/ absence of nutrients or other nutritional factors; for example, in Fusarium solani, the maturation process of chlamydospores is partially influenced by nitrogen deficiency imposed by the high C:N ratio of the medium and to the presence of citrate (Griffin, 1976; Son et al., 2012) . Chlamydospores of several Trichoderma spp. are abundantly induced in diverse solid substrates, but they need to be moistened with liquid nutrients or water (Lewis & Papavizas, 1983) . The molecular mechanism of chlamydospore formation is beginning to be elucidated; for example, in Trichoderma virens, the mutant vel1 induces a massive production of chlamydospores (Mukherjee & Kenerley, 2010) . Orthologues of Velvet (vel1), a protein which belongs to a superfamily of fungal regulatory proteins, coordinate secondary metabolism, sexual and asexual differentiation and filament formation in fungi (Bayram & Braus, 2012; Choi & Goodwin, 2011; Dreyer et al., 2007; Hoff et al., 2010; Kopke et al., 2013; Ló pez-Berges et al., 2013; Merhej et al., 2012; Park et al., 2012; Sarikaya Bayram et al., 2010; Schumacher et al., 2013 Schumacher et al., , 2015 .
Germination
Conidial germination in fungi can be clearly distinguished into two distinct stages: (a) an initial swelling of the conidium, and (b) subsequent polarized growth (Hayer et al., 2013; Osherov & May, 2001) . Dormant conidia are dehydrated and, prior to germination, most fungal conidia require a high relative humidity (Hayer et al., 2013) . Consequently, there is a considerably swelling in the conidia, most likely due to water uptake. Enzymic activity and physiological forces contribute to the rupturing of the spore wall as germination progresses (Osherov & May, 2001) .
Regulation of metabolic processes is intrinsically coordinated with differentiation in fungi (Braus et al., 2006) .
Stage-specific genes Trichoderma
Germination of T. atroviride conidia requires nutrient transport (Šimkovič et al., 2015) , and a massive rise in protein and amino acid biosynthesis, as observed in the LU132 germination cDNA samples (Table 2) . Amino acids are substrates for translation and, therefore, are necessary for fungal growth and development (Braus et al., 2006) . Two global regulators (cross-pathway control proteins Cpc2 and 1 Cpc1/Gcn4) linked to amino acid biosynthesis and developmental programmes (Nishikawa et al., 2008) were identified in the germination stage. Cpc2/RACK1 is a highly conserved WD-domain protein found in all eukaryotes; in mammalian cells RACK1 acts as a scaffold protein that integrates inputs from different signalling pathways and affects translation through association with ribosomes (Rachfall et al., 2013) . Genes encoding enzymes involved in the synthesis of amino acids were identified during germination stages such as: (a) TA-255300, which encodes a putative argininosuccinate synthetase protein involved in the arginine biosynthetic pathway (Wagemaker et al., 2007) ; (b) TA-302651, which encodes a saccharopine dehydrogenase that acts in the a-aminoadipate pathway for lysine biosynthesis in fungi (Xu et al., 2006) ; and (c) cystathionine gamma-synthase (TA-137525), which is an essential enzyme for methionine biosynthesis in various organisms, including Ara. thaliana, E. coli, F. graminearum and yeast (Fu et al., 2013; Hacham et al., 2003) .
Seventy-nine ribosomal-protein families present in mammalian ribosomes are also represented in the ribosomes of yeast and plants (Wilson & Doudna Cate, 2012) , suggesting a high level of conservation. Interestingly, ribosomal proteins are no longer considered just players in ribosomal assembly and protein translation; rather, particular ribosomal proteins have distinctive roles in differentiation (Kondrashov et al., 2011; Schuldt, 2011; Zhou et al., 2015) . Indeed during germination, 24 different ribosomal proteins were identified in the cDNA library of the germination stage suggesting a stage-specific expression pattern.
Glycerol formation is one of the early metabolic events observed during spore germination (Fillinger et al., 2001) . The accumulation of this metabolite in the germination stage has been related to the increase in intracellular turgor within the cells (d' Enfert & Fontaine, 1997) . The glycerol-3-phosphate dehydrogenase-encoding gene TA-297195 was identified in the germination cDNA libraries, suggesting a possible role in the metabolism of glycerol during germination (Table 2) .
Altogether, the data presented here strongly suggest a major role for amino acid biosynthesis and translation during conidial germination (Table 2) as supported by Kaliň ák and co-workers (Kaliň ák et al., 2014) .
Vegetative mycelium
Vegetative growth is an extremely well-regulated differentiation process that involves various signalling cascades. Mitogen-activated protein kinase (MAPK) cascades are evolutionary conserved signalling modules which translate external cues into an appropriate response (Pitzschke, 2015) . In T. virens, Tvk1/TmkA (Mendoza-Mendoza et al., 2003 Mukherjee et al., 2003) and their orthologues in T. atroviride (Reithner et al., 2007) control vegetative growth and conidiation. The MAPKK upstream in the signal transduction network binds to the MAPK and phosphorylates it. Once this process occurs, the MAPK modulates different elements involved in differentiation (Pitzschke, 2015) . The expression of the MAPKK (TA-147751) in vegetative growth represents a novel mechanism of regulation in this differentiation programme. TA-147751 is similar to kpp7 (ste7) from U. maydis, and deletion of kpp7 generates strains unable to induce vegetative growth (Müller et al., 1999) (Table 3 ).
An additional differentiation regulator observed in vegetative growth corresponded to stuA. Interestingly, although the role of StuA has been restricted to secondary metabolism and conidiation (Miller et al., 1992; Ohara & Tsuge, 2004; Sheppard et al., 2005; Sigl et al., 2011; Tong et al., 2007) , its expression has been also reported in early vegetative growth in Asp. nidulans (Breakspear & Momany, 2007) . The role of StuA in vegetative mycelium is unknown (Table 3 ). The role of additional proteins such as P4 in vegetative growth is also currently unknown, although the upregulation of the orthologous gene in T. harzianum has been reported during the T. harzianum-Pythium ultimum interaction (Montero-Barrientos et al., 2011) . In this stage, there appears to be a high demand for amino acids due to the high expression of two proteases and an inorganic phosphate transporter (Table 3) .
Conidiophores
In this stage, we identified genes involved in cell-wall structure and synthesis. Hydrophobins are small secreted proteins that confer hydrophobicity to the fungal surface in spores and mycelium (Linder et al., 2005) . Conidiation and secondary metabolism are linked (Karimi Aghcheh et al., 2014; Mukherjee & Kenerley, 2010) , and in T. virens (Mukherjee & Kenerley, 2010) and Trichoderma reesei (Karimi Aghcheh et al., 2014) the Velvet protein, Vel1, regulates conidiophore and conidia production and secondary metabolism. Is was not surprising, therefore, that we identified genes involved in synthesis of secondary metabolites (TA-44723, TA-255992). The expression of ricin B-lectin-like protein-encoding genes in conidiophores could suggest a potential role in the adhesion of the developing conidia to plant surfaces (Table 4) .
Altogether these data suggest that the principal mechanisms in conidia are the preparation of molecules needed for stress resistance by the accumulation of stress protectants, protein biosynthesis during conidial germination and the assimilation of nutrients by different strategies such as proteases and the upregulation of signalling pathways involved in filamentation during hyphal growth, while during conidiogenesis, the accumulation of hydrophobins and other components of the cell wall required for conidia seems to be important.
Analysis of morphogenic marker expression in soil
Although soil is one of the most challenging ecological niches for microbial communities, it is estimated that 1 g soil contains up to 10 billion micro-organisms (Daniel, 2011; Mendes et al., 2013) . These micro-organisms represent thousands of diverse species, including bacteria and fungi, which represent a large proportion of the biomass (Mendes et al., 2013) . In recent years, diverse methods have been optimized for the isolation of nucleic acids (predominantly DNA) directly from the environment (Rajesh et al., 2011) . However, by measuring the RNA levels, it is possible to determine the microbial metabolic activity. One of the biggest hurdles in RNA isolation is the high susceptibility of RNA to degradation by RNases during the extraction process and, as such, it is considered to be much more difficult to recover than soil DNA (Rajesh et al., 2011) . In this work, we optimized a method of total RNA isolation from fungi, which was based on a method for bacterial RNA isolation reported elsewhere (Griffiths et al., 2000) . We obtained high-quality total RNA that was successfully used for cDNA synthesis and quantification of specific genetic markers in LU132.
The predominant structures present during the 4-day incubation in soil were germlings; this was supported by the higher amount of L4 mRNA and the microscopic examination of the soil samples. The soil analysis demonstrated it to be of low nutrient status, especially in organic matter, which likely contributed to the low amount of detectable vegetative growth. It is possible that the apparent accumulation of the conidial-specific genes may reflect early nutrient deprivation induction of conidiation. During biocontrol assays, using the same system and soil, we have observed mycelial growth at much later time points. However, this may be due to the presence of an organic food source in the form of root exudates. The use of soil substrates of varying nutrient status will likely reveal different patterns of accumulation of the marker genes. The morphogenic markers and RNA isolation method described here represent a starting point for exploring the metatranscriptomic analysis of this important biocontrol agent in the soil environment and will allow us to identify factors limiting the activity of this biocontrol fungus in the soil.
